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Abstract: The field of plant-microbe interactions has seen several recent break-throughs as cloning
and characterization of resistance (R) genes from plants and avirulence (avr) genes from pathogens.
Although genetics, histology, and biochemistry of plant disease resistance are well known at the cellular and population levels, a full understanding of pathogen resistance in plants at molecular level is
recently becoming feasible throught cloning and sequencing of several putatively interacting plant and
pathogen genes. This knowledge may lead to the establishment of important strategies in plant disease control. The objective of this review is to provide a short and selective overview of the molecular genetics of plant disease resistance.
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Bitki Hastalığı Dayanıklılığının Moleküler Genetiği Üzerine Son
Gelişmeler
Özet: Bitki-mikrop ilişkisi alanı, bitkilerden dayanıklı (R) genlerin ve patojenlerden avirulens (avr) genlerin klonlanması ve özelliklerinin tanımlanması gibi birçok yeni keşiflere tanık olmuştur. Bitkilerde
hastalıklara dayanıklılığının genetiği, sitolojisi ve biyokimyası iyi bilinmesine rağmen, patojenlere
dayanıklılığının tam olarak anlaşılabilmesi, birçok birbiriyle ilişkide olan bitki ve patojen genlerinin klonlanması ve nükleotid dizinlerinin belirlenmesi ile ortaya çıkarılmıştır. Bu bilgi, bitki hastalıklarının kontrolü için önemli stratejilerin ortaya çıkarılmasında öncü olabilir. Bu derlemenin amacı bitkilerde
hastalıklara dayanıklılığın moleküler genetiği hakkında kısa ve seçilmiş bilgi sağlamaktadır.
Anahtar Sözcükler: Dayanıklılık, Avirülens, Bitki-patojen etkileşimleri, Tanıma

Introduction
Resistance and susceptible recation in a plant-pathogen interaction occur in the presence of
genetic factors (Table 1). The resistance (incompatible, pathogen avirulent) or susceptibility
(compatible, pathogen virulent) of plants to infection by pathogenic fungal, bacterial, viral, and
nematode species is often determined by a pairs of complementary genes in two organisms. It
is also known as gene-for-gene interaction. Gene for gene interaction in plant disease resistance
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usually involves a single resistance (R) gene in the plant and the product of a corresponding avirulence (avr) gene in the pathogen.
Pathogen
AA
Aa
aa

RR
+

Host
Rr
±
±
+

Table 1.
rr
+
+
+

Patterns
of
interaction
between host and its pathogen

+, ± : Disease occurrence
- : Resistance condition

A plant resistance reaction occurs if a dominant avirulence gene in the pathogen and a dominant or semi-dominant resistance gene in the plant are present in a plant-pathogen interaction.
In the absence of dominant avirulence and resistance genes, the resistance is delayed or the plant
is susceptible.
Several gene-for-gene systems involving the hypersensitive reaction (HR) have been
described since Flor’s work in 1947 (1), which provided a theoretical basis for the gene-for-gene
hypothesis of plant-pathogen interaction. A number of avr genes have been cloned and
sequenced from different plant pathogens including bacteria, fungi, and viruses, and several R
genes have been cloned and sequenced, especially within the last 2-3 years (22, 23, 24, 25, 27).
This information will provide a better understanding of plant-pathogen interactions and will contribute greatly to future studies of plant resistance detemined by R and avr genes and the availability of proposed models for these interactions. Details of the features of avr and R genes are
presented below.
The availability of powerful genetic tools to study bacteria has very rapidly led to the cloning
of several avr genes. To date, at least 28 avr genes have been cloned and sequenced (Table 2).
Twenty-seven of these are from bacterial pathogens and one is from a fungus. The first cloned
bacterial avr gene was the avr A gene of Pseudomonas syringae pv. glycinea race 6 (2). The avr
genes were cloned using a functional assay including construction of a cosmid library from a bacterial strain proposed to carry a particular avr gene (defined via interaction with a particular host
cultivar proposed to carry the corresponding resistance gene), conjugation of single cosmid
clones into a strain which is virulent on the same test cultivar, and testing transconjugants for
the ability to trigger a resistance reaction on the test cultivar (2). The further sequence of the
open reading frame of the avr genes was achieved after using standard transposon mutagenesis and sub-cloning techniques. Considering the data given in Table 2, why were almost all avr
genes cloned only from pathovars of Pseudomonas syringae and Xanthomonas campestris?
As bacteria in the species of P. syringae and X. campestris can be divided into several pathovars depending on the host they infect, avr genes were first examined in these two bacterial
species. Based on the numbers of cloned avr genes and available data on these avr genes, are
there any common features of these genes? Since half of the avr genes (Table 2, numbers from
19 to 28, and 14 to 15) have some common features in terms of structural characteristics, they
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are considered to be multi gene family. All of these features were found in Xanthomonas. These
genes are relatively large in size (>3 kb), with nearly identical 5’ and 3’ ends and 102 base pairs
(bp) with a repeated DNA motif in the central portion of all members (18).

Table 2.

Cloned avirulence genes of plant pathogens.

Gene
1. avrA
2. avrBO
3. avrB1
4. avrC
5. avrPm1
6. avrPpiA1
7. avrPpi2
8. avrPph3
9. avrD
10. avrPto
11. avrRpt2
12. avrBs1
13. avrBs2
14. avrBs3
15. avrBsP
16. avrBsT
17. avrRxv
18. avr9
19. avrBn
20. avrB4
21. avrb6
22. avrb7
23. avrBln
24. avrB101
25. avrB102
26. avrXa5
27. avrXA5
28. avrXa10

Cloning Source

P. syringae pv. glycinea
P. syringae pv. glycinea
P. syringae pv. glycinea
P. syringea pv. glycinea
P. syringea pv. maculicola
P. syringea pv. pisi
P. syringae pv. pisi
P. syringea pv. phaseolicola
P. syringea pv. tomato
P. syringea pv. tomato
P. syringea pv. tomato
X. campestris pv. vesicatoria
X. campestris pv. vesicatoria
X. campestris pv. vesicatoria
X. campestris pv. vesicatoria
X. campestris pv. vesicatoria
X. campestris pv. vesicatoria
Cladosporium fulvum
X. campestris pv. malvacearum
X. campestris pv. malvacearum
X. campestris pv. malvacearum
X, campestris pv. malvacearum
X. campestris pv. malvacearum
X. campestris pv. malvacearum
X. campestris pv. malvacearum
X. campestris pv. oryzae
X. campestris pv. oryzae
X. campestris pv. oryzae

Genomic
Localization
Chromosome
Chromosome
Chromosome
Plasmid

Chromosome
Plasmid

Plasmid
Chromosome
Plasmid
Plasmid
Plasmid
Chromosome

Plant
Soybean
Soybean
Soybean
Soybean
Arabidopsis
Pea, Bean
Pea, Bean
Pea, Bean
Soybean
a
b
Pepper
Pepper
Pepper
Pepper
Pepper
c
Tomato
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Cotton
Rice
Rice
Rice

References
2
3
3
3
4
4
5
5
6
7
8
9
10
11
12
10
13
14
15
16
16
16
16
16
16
17
17
17

a: Soybean, Tomato
b: Arabidopsis, Tomato
c: Bean, Soybean, Alfalfa, Maize, Cotton, Tomato
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In general, the deduced aminoacid sequences of avr genes give no clue to how they trigger
resistance on appropriate plant cultivars. Most of the avr genes encode proteins between 20100 kDa that are hydrophilic and have no obvious transmembrane or signal sequence (19).
Although avr genes are very important from the standpoint of plant-pathogen interaction, their
normal role in the bacteria is still not clear. From this point of view, why are avr genes present
in bacteria? The simplest explanation for the existence of avr genes is that they encode necessary components of the bacterial pathogenicity and virulence and that plant disease resistance
genes have evolved to recognize these components.

R Genes
The development of powerful techniques, specifically insertional mutagenesis and positional
cloning techniques, has led to the cloning of several resistance genes from different plant species
within the last 2-3 years. R genes from maize, tobacco, tomato and flax have been cloned using
transposon-based gene tagging techniques. In addition R genes from tomato and Arabidopsis
have been cloned using the map-based positional cloning technique. The small size of the
Arabidopsis (150 Mb) and tomato (950 Mb) genomes and the presence of small numbers of
repeated sequences in these plants help to positionally clone two R genes in these plants (20).
From this point of view, based on current available data, what are these R genes and what are
their features?
The first cloned plant R genes was the Hm1 gene of maize. This gene encodes a HC-toxin
reductase which inactives HC-toxin produced by Cochliobolus carbonum race 1 isolated as a
pathogenicity factor (21). In this way, the gene controls resistance in maize against C. carbonum race 1. It should be also mentioned that the interaction system between maize and the
pathogen is different from that of the gene-for-gene system. How? Because C. carbonum strains
which are deficient in toxin production lose their ability to cause disease in maize cultivars that
do not have the Hm1 gene. Several R genes were cloned that conform to the gene-for-gene relationship (Table 3). At this point, the following focus will be on what we know about these genes
and what the common features of their gene products are.
Gene
Hml
Pto
RPS2
Prf
N
L6
Cf9

Host
Maize
Tomato
Arabidopsis
Tomato
Tobacco
Flax
Tomato

Pathogen
References
Cochliobolus carbonum
21
P. syringae pv. tomato
22
P. syringae pv. maculicola
23
P. syringae pv. tomato
24
Tobacco Mosaic Virus
25
Melamspora lini
26
Clarosporium fulvum
27

Table 3.

Cloned plant disease resistance
genes.

The gene product Pto from tomato (resistance to P. syringae pv. tomato expressed as
avrPto) is different from other R genes cloned recently. Pto is a serine/threonine kinase, and is
cytoplasmically located. Pto is a member of the kinase gene family (22). The others members
of this gene family are Fen and Prf. Fen is related to the organophosphate herbicide fenthion’s
sensitivity and Prf is required for both Pto and Fen functions (23). Considering the newly cloned
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R genes which are RPS2 from Arabidopsis, N from tobacco, Cf9 from tomato and L6 from flax,
their gene products conserve some features. These features are: 1) Presence of a variable number of leucine-rich repeats (LRRs) which are involved in protein-protein interaction in plants and
animals. All the four R genes’ products carry LRRs. 2) Presence of a nucleotide binding site.
The Cf9 gene product does not contain a nucleotide binding site based on a protein sequence
comparison with the four R genes. The Cf9 is considered to be different class of R gene. The N
gene protein has homology with the Toll protein of Drosophila and the mammalian interleukin1 receptor. In addition, both the RPS2 and N gene lack a leader peptide. Therefore, it is thought
that these proteins are cytoplasmic and may recognize intercellular ligands. On the other hand,
the L6 gene protein may interact with a cell membrane ligand by means of a signal anchor. The
Cf9 gene protein may include a receptor for an extracellular ligand. This is because the Cf9 gene
protein may consist of extracytoplasmic LRRs, with a carboxyl terminal membrane anchor.
Interaction of R and avr Genes and Their Specificity Mechanisms
Information on the interaction of R and avr genes is still neither clear nor definitive.
However, significant progress has recently been made on this matter in the light of the newly
defined gene products of the four R genes.
Four of the six R genes cloned to date have been found to encode products which have similar sequences and structural features. Based on the structural features of these four R genes
and comparison of the products of genes with other gene products involved in signal transduction in Drosophila and mammalian system, a ligand-receptor model has been developed to
determine the interaction between R and avr genes. In this model, the R gene is thought to
encode either an extracellular receptor or an intracellular receptor. The ligand in this model, is
a direct or indirect product of the pathogen’s avirulence gene. Considering this model, the structure Cf9 protein which consists of a extracytoplasmic LRRs suggests that Cf9 protein is a receptor for an extracellular ligand, the Avr9 ellicitor peptide. However, whether a direct interaction
occurs between Cf9 and avr9 is unknown. Alternatively, it is thought that Cf9 might interact
with other proteins including transmembrane protein kinases that also carry extracellular LRRs
or secreted LRR carrying proteins such as polygalactronase-inhibiting protein (PGIPs) (20).
The presence of a domain in the amino terminus of the N protein similar to the cytoplasmic
domains of Toll and IL-IR, is considered to indicate that this domain may trigger the intracellular signal transduction system in plants, analogous to Toll and IL-IR pathways in animals. The N
protein and possibly the other R gene proteins may be reserved as receptors that activate a Relrelated transcription factor, called Dif in Drosophila, that induces the expression of genes responsible for HR (20).
On the other hand, the aminoterminal domain of the RPS2 protein is not similar to those of
Toll or IL-IR. However, the RPS2 contains a leucine-zipper motif, the aminoterminus, that may
be involved in the formation of a heterodimer with a Toll-like protein.
Having given information on possible interaction systems of these two genes, I now want to
focus on how these genes specify each other or how R genes give a specific response to particular isolates of a single pathogen species. It is thought that additional numbers of an LRR motif
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that occur in the carboxyl terminal region of the gene product may determine ligand specificity
in the interaction of R and avr genes. This idea was based on structural analysis of the cloned
three alleles, L2 , L6 and L10 , of the L gene, which has 13 alleles in flax. It was found that L2 has
additional numbers of LRR motifs in the carboxyl terminal region of the gene product. However,
the other alleles L6 and L10 showed similar structural features (20).
The Activation of HR
The onset of HR is not well-defined yet. However, it has been widely observed in many
incompatible interactions that reactive oxygen intermediates (ROIs) such as superoxide anion
and hydrogen peroxide are rapidly generated and HR occurs. Based on this information it is
thought that a plasma membrane multisubunit, NADPH oxidase complex, may be involved in the
release of ROIs in plants. It is also thought that if a rapid outburst of the reactive oxygen is
essential for formation rather than transcriptional activation. Moreover, there is emerging evidence that as in animal cells, a redox-regulated transcriptional factor may also be involved in the
activation of HR considering R gene-mediated induction of intracellular ROIs in plants (20). In
light of this information it is considered that the oxidative burst in plants may contribute to both
the programmed death of the cell that perceives the avirulence signal and the rapid activation of
defences in this and adjacent cells (28).
Conclusion
In agriculture today, the persistent threat of loss of yield and quality from diseases is one of
the most distruptive factors. At present it is being overcome mostly by means of agrochemicals.
The isolation and preliminary characterization of R genes provide opportunities for producing plant varieties with disease resistance. To determine the molecular basis of disease resistance
to a wide range of phytopathogens, and to determine the mechanisms with which R gene products recognize pathogen elicitors and the plant defense blocks pathogen growth will be future
research goals in the field of plant patholoy.
The knowledge obtained from future research will undoubtedly help to produce durable disease resistance, and will help to reduce the use of environmentally damaging agrochemicals.
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